Helicopter-borne and ground-based electromagnetic (EM) ice thickness and ruler-stick snow thickness measurements as well as icecore analyses of ice temperature, salinity and texture were performed over a 5-week observation period between November 27, 2004, and January 2, 2005, on an ice floe in the western Weddell Sea at approximately 671S, 551W. The study was part of the Ice Station Polarstern (ISPOL) expedition of German research icebreaker R.V. Polarstern, investigating changes of physical, biological, and biogeochemical properties during the spring warming as a function of atmospheric and oceanic boundary conditions. The ice floe was composed of fragments of thin and thick first-year ice and thick second-year ice, with modal total thicknesses of 1.2-1.3, 2.1, and 2.4-2.9 m, respectively. This included modal snow thicknesses of 0.2-0.5 m on first-year ice and 0.75 m on second-year ice. During the observation period, snow thickness decreased by less than 0.2 m. There was hardly any ice thinning. Warming of snow and ice between 0.1 and 1.9 1C resulted in decreased ice salinity and increased brine volume. Direct current (DC) geoelectric and electromagnetic (EM) induction depth sounding were performed to study changes of electrical ice conductivity as a result of the observed ice warming. Bulk ice conductivity increased from to 37 to 97 mS/m. Analysis of conductivity anisotropy showed that the horizontal ice conductivity changed from 9 to 70 mS/m. These conductivity changes have only negligible effects on the thickness retrieval from EM measurements. Crown
Introduction
The western Weddell Sea is one of only a few regions around Antarctica covered by perennial sea-ice, and plays thus a key role for the freshwater and energy budget of the Southern Ocean. During summer, the properties of sea-ice and snow change considerably as a result of increased heat fluxes both from atmosphere and ocean, causing a marked warming of the ice and snow and a reversal of vertical temperature gradients with higher temperatures at the surface than at the bottom. As a consequence, increased snow metamorphism and thinning, internal and bottom melting, and high rates of algal primary productivity are observed (e.g., Thomas et al., 1998; Haas et al., 2001; Nicolaus et al., 2006) . Little is known about the atmospheric and oceanic boundary conditions of these processes in late spring and early summer. Therefore, boundary conditions and consequent changes of physicalbiological sea-ice properties were studied during a research cruise of the German research icebreaker R.V. and drifted with the ice pack (Hellmer et al., 2006; Dieckmann et al., 2007) .
As part of the basic observational programme, extensive surveys of sea-ice and snow thickness of the ISPOL floe and their changes were performed. While the main goal was observations of sea-ice and snow thinning during the 5-week study period, together with ice-core data the surveys also were used to characterize different ice types composing the ISPOL floe, and thus provide important background information on the different study sites occupied on the floe. Earlier ice thickness observations showed that the wider region around the ISPOL floe is characterized by a mixture of first-and second-year ice floes Lytle and Ackley, 1996; Strass and Fahrbach, 1998) . Modal total (snow plus ice) thicknesses of first-year ice type were found to range between 0.4 and 1.2 m, while typical second-year ice modal total thicknesses ranged between 1.8 and 3.0 m. Here, we present the results of our thickness measurements on the ISPOL floe and provide a classification of the different study sites, supported by results from ice-core salinity and texture analyses.
While drilling provides the most accurate ice and snow thickness estimates (e.g., Lange and Eicken, 1991; Eicken et al., 1994) , the method is limited by its slow progress, in particular on thick second-year ice, preventing the acquisition of long profiles spanning and demarcating regions of different ice types. More importantly, based on earlier observations by Lange and Eicken (1991) , Eicken et al. (1994) , and Lytle and Ackley (1996) , we were expecting the widespread occurrence of negative ice freeboard as a result of thick snow depressing the snow/ice interface below the seawater level. Drill holes would irreversibly cause seawater to flush onto the ice surface if the ice had not yet been flooded for natural reasons (as observed during ISPOL, see below). Or, if flooding would already had occurred before drilling, drill holes would perturb the hydraulic system and would provide pathways for the exchange of water, heat, and radiation between the ice surface and underside. In both cases the development of ice and snow melting during spring and early summer could change considerably (Eicken et al., 2004) . Therefore, we performed most of our thickness measurements by means of nondestructive electromagnetic inductive (EM) sounding (Kovacs and Morey, 1991; Haas et al., 1997) , which can be performed by simply moving an EM instrument above the snow surface, and which is therefore a preferred method for temporal studies of ice thickness change (Eicken et al., 2001) .
The accuracy of EM sea-ice thickness surveys depends on a knowledge of the electrical conductivity of the ice. In most cases, the effects of varying ice conductivity can be neglected (Haas et al., 1997; Reid et al., 2006b ), or can be corrected for by comparison with drill-hole measurements. However, during ISPOL, we wanted to avoid drilling holes for the reasons explained above, but were also possibly expecting large changes of sea-ice conductivity as a result of ice warming and associated increases in porosity and permeability. Therefore, we also conducted EM and directcurrent geoelectrical (DC) depth sounding (Reid et al., 2006b ) of ice conductivity to identify and quantify those changes. Here, we present the results of those conductivity measurements, and discuss the concurrent effects of ice thickness and conductivity changes, which both affect the measured EM signal and can therefore not easily be separated from each other.
Measurements and methods
Most measurements reported here were performed on the ISPOL ice floe during the drift period between November 27, 2004, and January 2, 2005, when the floe drifted a net distance of 98 km from a position of 68110 0 S, 54148 0 W (Fig. 1) , to 67122 0 S, 55124 0 W (Hellmer et al., 2006 Dieckmann et al., 2007) . Satellite radar imagery revealed that the floe was located at the boundary between two south-north extending bands of sea-ice with high and low backscatter towards the east and west, respectively ( Fig. 1 ; Hellmer et al., 2006) . Based on backward tracking of radar imagery from November to January 2004, the bright band was interpreted as a region of predominantly second-year ice, and the dark band as first-year ice (FYI) formed since March 2004 in a prominent recurring polynya off the Ronne Ice Shelf 800 km south of the study region. Initially, the floe was approximately 10 km in diameter, but suffered from two major break-up events, decreasing its size to approximately 1200 Â 1200 and 700 Â 700 m 2 , respectively (Fig. 2; McPhee, 2008) . On the floe different sampling sites were established on different-level ice types and numbered according to Table 1 . The location of sites 9a and 9b are indicated in Fig. 2 . The location of all other sites is shown on the maps of Hellmer et al. (2008) . Measurements of total ice thickness (ice plus snow thickness) were mainly performed by means of groundbased and airborne EM thickness profiling. Ground-based EM thickness surveys were carried out by means a Geonics EM31 instrument pulled with a skidoo along the main service routes established to the different sampling sites (Figs. 2 and 4; Kovacs and Morey, 1991; Haas et al., 1997; Eicken et al., 2001; Hellmer et al., 2008) . The EM data were geocoded by means of coincident satellite Global Positioning System (GPS) measurements, and were subsequently corrected for ice drift and varying driving speed to derive an equidistant profile of ice thickness along the skidoo tracks. Unfortunately, due to the two floe break-up events, only a 600-m-long coincident profile could be measured on all surveys. One EM grid-survey over the entire floe was performed at the beginning of the drift using a purposebuilt helicopter-borne EM (HEM) instrument .
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The accuracy of helicopter-borne and ground-based EM thickness measurements is better than 70.1 m over level ice (Haas et al., 1997; Pfaffling et al., 2007) . However, over ridges and deformed ice, due to the footprint of the measurements of up to 3.7 times the flying altitude, and due to the porosity of ridge keels, the maximum thickness of pressure ridges and deformed ice can be underestimated by as much as 50% (Haas et 2003; Reid et al., 2006a) . During ISPOL, the accuracy of the calibration of the ground-based EM estimates was confirmed only by a few drill-hole measurements on level ice, away from the main study sites to avoid disturbance of the hydraulic system of the ice (see above). Overall, drillhole measurements and ground-based and helicopter-borne thickness estimates agreed well within the stated accuracy of 70.1 m over level ice. Repeated ruler-stick snow thickness surveys were performed along 50-m-long profiles with a point spacing of 1 m on level-ice of the different sampling sites to observe their mean snow thickness and temporal change (Table 1 ; Nicolaus et al., 2006) . On December 17, a 1070-m-long snow thickness profile was surveyed with a point spacing of 10 m along the main ground-based EM profile to characterize the overall snow thickness distribution of the ISPOL floe, including regions that were not chosen for dedicated temporal studies. The accuracy of ruler stick measurements is generally better than 70.02 m, taking into account the centimetre to decimetre, small-scale variability of snow thickness. However, under summer conditions measurements can be corrupted by the presence of ice layers and hard, high-density wind-packed snow, leading to underestimated snow thicknesses.
On several days, and at least at the beginning and end of the observation period, ice cores were drilled at the different sampling sites to further characterize ice types and to observe temporal changes of vertical ice temperature and salinity profiles. Temperature measurements were performed on the ice directly after core retrieval, and salinity was measured on melted samples, which were first stored at À25 1C and analysed on the ship for ice texture by means of visual inspections of ice thick-sections in polarized light (Lange, 1988) . Subsequently, brine volume (porosity) F was calculated from ice temperature and salinity. The equations of Cox and Weeks (1983) were used for ice colder than À2 1C, and equations of Leppa¨ranta and Manninen (1988) for ice between À2 and 0 1C. Based on those porosity estimates and ice temperature measurements, electrical brine conductivity s b was derived (Stogryn and Desargant, 1985) and electrical direct-current (DC) ice conductivity s i was calculated according to Archie's Law
with the cementation factor m (Archie, 1942; Haas et al., 1997; Reid et al., 2006b ). As in those earlier studies, here we use m ¼ 1.75.
Two different classical geophysical electrical conductivity depth-sounding measurements were performed on thick, level FYI at site 9b. Three DC geoelectric measurements of ice thickness and resistivity were performed on December 4, 18, and 30. With DC geoelectrical depth sounding (Telford et al., 1990) , an electrical current within the ice is injected by means of two current electrodes placed on the ice surface, and the voltage in-between is measured by two potential electrodes to obtain a measure of electrical resistivity (Telford et al., 1990) . With successively increasing electrode spacing around a fixed midpoint, the current flow includes deeper and deeper ice layers. Thus, a vertical profile of ice conductivity can be obtained. Here, DC depth sounding was performed with the so-called Wenner configuration, i.e. with equal spacing between each current and potential electrode for each individual resistivity measurement (Telford et al., 1990; Reid et al., 2006b) . Current flow and resistivity measurements were controlled with a GeoTom2000 instrument. From those measurements, ice thickness and conductivity were calculated by means of two-and three-layer least-squares inversion using the Marquardt-Levenberg modification (Lines and Treitel, 1984) to the Gauss-Newton equation as inversed method. In this method, both the sum of squares of the differences between the model and the observed data values and a combination of the magnitude of these differences and the model parameter change are minimized. This method can be successfully used especially in the inversion of DC sounding data where the model consists only of a small number of layers. Here, the inversion was performed with the software package RES1D (Loke, 2001) .
Due to the vertical alignment of brine channels forming the main conduits for electrical currents, sea-ice conductivity is characterized by a strong anisotropy. As demonstrated by several earlier studies summarized by Reid et al. (2006b) , anisotropy results in a 9-12 times higher vertical (s v ) than horizontal (s h ) ice conductivity. Here, anisotropy was calculated by the coefficient of anisotropy f, defined as
with true ice thickness t and ice thickness t DC inferred from inversion of DC geoelectrical depth sounding (Reid et al., 2006b ). Due to the physics of EM induction in conductive media, EM measurements over level sea-ice are only sensitive to the horizontal ice conductivity (McNeill, 1980; Reid et al., 2006b) . In general, for any given constant true ice thickness, increases of ice conductivity will result in increases of the electromagnetically measured apparent conductivity. This will be interpreted as thinner ice if the ice conductivity change was not taken into account, as is generally true for the calculation of ice thickness from EM31 data (Haas et al., 1997) .
On December 19, 2004, and January 1, 2005 , at the same site two EM depth sounding measurements of ice thickness and conductivity were performed in addition. For these, the EM instrument was operated in horizontal (HDM) and vertical dipole mode (VDM). Measurements were performed at increasing instrument heights between 0.5 and 1.8 m above the ice surface. Thus the depth of maximum EM induction (''centroid depth'') within the ice was raised, making the measurement sensitive to vertical conductivity changes (McNeill, 1980) . In addition, EM soundings at different instrument heights provide independent measurements for the comparison with 1D model curves of the EM response over ice with varying thickness and conductivity (Anderson, 1979 ; see Results section). Fig. 3 also includes the result of a ground-based thickness survey performed between November 28 and December 1 across sampling sites 5, 6, 7, 8, and 9 (see Fig. 4 and Hellmer et al., 2008) . It is characterized by a strong mode of 1.25 m representing thin FYI, and another mode between 2.4 and 2.7 m, in good agreement with the HEM results. The mean thickness of that profile was 2.64 m. For comparison, Fig. 3 also shows the results of 10 drill-hole measurements performed during the initial floe reconnaissance at random locations on November 26. Interestingly, even those few measurements provide a good sub-sample of the main ice thickness classes.
Results

Ice types and ice thickness on ISPOL floe
The ground-based thickness profile across all major sampling sites is shown in Fig. 4 . Results are summarized in Table 1 . It can be nicely seen that the floe consisted of areas with thick, deformed ice, and level thin ice, and that the mean level ice thicknesses are in close agreement with the thin-ice modes of Fig. 3 . As will be shown later with the ice-core analyses, most thick ice was SYI, while the thin ice was FYI. The sediment trap and biogeochemistry site (site 9b; Papadimitriou et al., 2007) was rather level with a low standard deviation, too, but the total thickness was quite high, indicating thick FYI (Table 1 ). This will be discussed with the presentation of the ice-core analyses.
Unfortunately, no systematic snow thickness measurements were made along the EM thickness profile in Fig. 4 . Therefore, Fig. 5 presents the snow thickness distribution of a 1070-m-long profile across sites 8 and 9. The histogram shows two modes, one between 0.2 and 0.5 m, and one at 0.75 m, with an overall mean of 0.6070.31 m. The modes are in general agreement with the mean snow thickness at the snow monitoring sites representative of FYI and SYI (see Fig. 8 below) .
Results from ice-core analyses of thick ice are shown in Fig. 6 . The thin FYI cores at sites 6 were characterized mostly by granular ice of snow ice origin at the top and ARTICLE IN PRESS columnar ice underneath, and typical C-shaped salinity profiles (Hellmer et al., 2006) . The same was found by Tison et al. (2008) for site 9a. However, most of the thicker ice, which also was covered by thick snow, had a more variable ice stratigraphy, with alternating layers of columnar and granular ice as a result of variable growth conditions during the lifetime of the floe. Most strikingly, the 1.81-m-thick ice at site 9b was composed almost exclusively of columnar ice. Its snow and ice thickness and stratigraphy were very similar to an ice core sampled at the southernmost buoy deployment site ''W'', at 68150 0 S, 56103 0 W . As the latter was located well within the low backscatter band of the scatterometer data (Fig. 1) , we assume that the ice at site 9b was indeed FYI from the Ronne polynya as well.
Initial mean ice-core salinities amounted to 5.06, 4.08, 4.39, and 4.55 ppt, at sites 6, 5, 8, and 9b, respectively ( Table  1 ). The mean salinity at the buoy deployment site W was 4.45 ppt. Note that these values are all very similar, and do not show clear differences between different ice types.
During ice-core drilling, the best observations of freeboard were obtained. Results of numerous measurements are listed in Table 1 . Site 6 was characterized by negative freeboard of a few centimetres, while the freeboard of the thin FYI at site 9a was positive, similarly to observations of Tison et al. (2008) . The thick FYI of site 9b and at buoy ARTICLE IN PRESS ''W'' had a positive freeboard mostly exceeding 0.05 m due to the relatively thin snow cover. In contrast, the SYI at sites 5 and 8 had mostly strongly negative freeboard below -0.15 m, as a result of the very thick snow cover (Table 1) . Upon drilling some holes there, water came up through the holes for more than a week, flooding large areas around the drill-holes, making subsequent measurements and sampling most problematic.
Ice and snow thickness change
In Fig. 7 , the thickness distributions obtained from repeated surveys of the main skidoo track are presented to show the temporal evolution of ice thickness between December 4 and 30. The bin width of the histograms is only 0.2 m to reduce noise due to the small number of only 60 measurements along each profile. As in Fig. 3 , two modes representing SYI and thin FYI can be seen. The thin FYI mode of 1.3 m did not change during the 18-day period, indicating that the overall FYI thinning did not exceed 0.2. However, there is a marked 0.4 m decrease of the SYI mode, from 2.5 m on December 4 to 2.1 m on December 30. As will be shown below, it is not clear whether this was due to bottom melt, or due to changes of the ice conductivity resulting from the observed ice warming.
Some or all of the observed decrease of total ice thickness is also attributable to the thinning of snow as shown in Fig. 8 (see also Nicolaus et al., 2006) . The figure presents the mean snow thicknesses of all measurements performed along 50 m profiles at irregular temporal sampling intervals. Snow thickness measurements on site 6 were slightly biased by repeated crack formation across the profile, and the subsequent movement of the profile to another location on the same site. In the beginning of the observation period, mean snow thicknesses amounted to 0.32, 0.14, and 0.28 m on the FYI sites 6, 9, and the Finish Institute of Marine Research (FIMR), a buoy deployment site located about 100 km north of the ISPOL floe , and to 0.95 and 0.81 m on the SYI sites 5 and 8. These decreased by 0.18, 0.07, and 0.18 m on sites 6, 9, and FIMR, and by 0.11 and 0.17 m at sites 6 and 8, respectively, i.e. by less than 0.20 m. Linear regression of the decrease results in thinning rates of 0.51, 0.33, and 0.78 cm/d on sites 6, 9, and FIMR, and 0.49 and 0.64 cm/d in sites 5 and 8, respectively.
Warming of snow and ice and related changes of electrical properties
The profiles in Fig. 6 show that the temperature at the snow/ice interface and in the upper ice layers increased during the observation period at all sites. The warming ranged between 0.1 and 1.4 1C at the snow/ice-interface, and between 0.75 and 1.9 1C in the upper ice layers. These values are in agreement with snow temperature measurements of Willmes et al. (2006) , who show that the upper few decimetres of the snow were actually at the melting temperature of 0 1C, and that there was a steady warming of the lower snow layers. Simultaneously with the ice warming and associated increase of porosity, mean ice salinities decreased by 1.07, 2.28, 0.85, and 0.93 ppt at sites 5, 6, 8, and 9, respectively (see Table 1 for initial values). Comparable results are presented by Hellmer et al. (2006) , and Tison et al. (2008) for the thin FYI of their site.
The warming and associated changes of ice salinity, brine volume, and conductivity in the 1-month period ARTICLE IN PRESS Fig. 7 . Ice thickness distributions obtained from repeated ground-based EM profiling along the original skidoo track on site 9 (left, almost straight profile in Fig. 2) . Fig. 9 for the thick FYI at site 9b, where DC depth sounding has been performed (cf. Fig. 6 ). Note that three ice cores were analysed on January 1, showing the range of natural lateral variability and the amount of sampling bias. The mean ice temperature increased from À2.6 to À1.7 1C (Fig. 9A) . Mean salinity was 4.5 ppt on December 1 and ranged between 5.0 and 3.6 ppt on January 1 (Fig. 9B) . As a consequence, mean brine volume increased from 84 ppt to between 110 and 189 ppt (Fig. 9C) . The increasing brine volume and temperature also resulted in higher ice conductivities, which increased from 47 mS/m to between 52 and 110 mS/m. Fig. 10 shows the results of the DC geoelectric depth sounding, which was performed on December 4, 18, and 30, i.e. within a few days of the ice-core analyses presented in Fig. 9 . The curves clearly show the presence of a highly resistive sea-ice layer over conductive sea water, as can be seen from high (low) apparent resistivities for short (long) electrode spacings. The lines in Fig. 10 show model curves calculated for ice thicknesses and ice and water conductivities resulting from the inversion of the sounding curves (Loke, 2001) . The model curves are in very good agreement with the DC measurements. According to the inversion results, ice conductivity increases from 37 to 97 mS/m (Table 2) . However, derived water conductivities are lower by up to 60% than the true water conductivity of approximately 2700 mS/m. This could be a result of poor coupling conditions between electrodes and ice, which have a stronger effect on the derived water properties than on the inverted ice properties. Also inverted ice thicknesses of ARTICLE IN PRESS Fig. 9 . Temporal evolution of (A) temperature, (B) salinity, and (C) brine volume profiles at the DC geoelectrics and EM sounding site 9b. On January 1, temperature was only measured on two cores. Fig. 10 . Results of DC geoelectrical depth sounding using the Wenner electrode array at site 9b. Symbols show the observed apparent resistivity measured on three different days, and lines show model curves calculated from the results of a two-(December 04 and 14) and three-layer (Dec. 30) least-square inversion of the sounding data in Table 2 . (Table 3) . This latter disagreement can be largely attributed to the anisotropy of sea-ice conductivity. Resulting values for the coefficient of anisotropy f and horizontal and vertical conductivities s h and s v according to Eq. (2) are given in Table 3 . f ranges between 0.25 and 0.72, in agreement with the results of Reid et al. (2006b) . Over the study period, s h increased from 9 to 70 mS/m, and s v ranged between 136 and 192 mS/m. Both variables are within the range of the calculated increase of ice-core conductivities presented above. The increasing horizontal conductivity might indicate a higher permeability and horizontal connectivity of pores due to the warming. Fig. 11 shows the results of the two EM depth sounding measurements performed to investigate the effect of the increased horizontal ice conductivity on the resulting ice thickness retrieval. In fact, an increase of apparent conductivity of 10-20 mS/m can be seen between all EM sounding measurements on December 19 and on January 1, respectively, although the drill-hole measured ice thickness remained almost constant (Table 3 ). For comparison, Fig. 11 also includes model curves that show the calculated EM response for the given constant ice thickness of 1.5 m for variable ice conductivities between 0 and 100 mS/m. The measured data and their temporal change fall well within the range of the model curves. Only the VDM measurement on January 1 is slightly higher than the model curve for an ice conductivity of 100 mS/m which might be a measurement bias.
Changes of electrical properties inferred from DC geoelectrical sounding
The main conclusion of the calculated and measured EM responses in Fig. 11 is that changes of ice conductivity from 0 to 100 mS/m of 1.5-m-thick ice only result in small changes in the electromagnetically measured apparent conductivity of less than 20 mS/m. If the ice conductivity increase was not taken into account, inversion of the increased-measured apparent conductivity would result in smaller calculated ice thicknesses. However, Fig. 11 shows that the underestimation of ice thickness scarcely exceeds 0.1 m. Therefore, results of repeated thickness transects shown in Fig. 7 are hardly biased by changes of ice conductivity.
Discussion
Results presented in this paper give the best available synthesis of initial ice types and properties of the ISPOL floe. While most ISPOL studies have focussed only on measurements on the thin FYI for practical reasons, this paper also presents most measurements performed over the thick, predominantly SYI. As demonstrated with the thickness measurements, the ISPOL floe was mostly composed of thick SYI with a total thickness of 2.4-2.9 m, and 68% of all measurements were thicker than 2.4 m. Snow thickness measurements showed that the mode included 0.7-1.0 m of snow. The presence of thin FYI with total thicknesses of 1.10-1.30 m, including 0.2-0.4 m of snow was also clearly revealed by the thickness measurements. However, the presence of older, thick FYI with total thicknesses between 1.8 and 2.1 m, mostly covered by 0.3 m of snow, was only revealed by the additional analysis of ice cores and the comparison with an ice core taken at buoy ''W'', in a region with more uniform ice conditions. This ice type was not easily separable from the SYI based on ice thickness measurements alone (Fig. 3) . Here, results of ice core analyses and backscatter maps derived from satellite scatterometry proved invaluable in addressing the nature and origin of different ice regimes. Therefore, the interpretation of the different ice types is that the ISPOL floe was mainly composed of SYI and thick FYI, reflecting its location at the boundary between two prominent backscatter regions (Fig. 1) . The thin FYI was only present at a few locations between the older floe fragments (Fig. 2) , and did develop after a few major ice deformation events. It would be a challenge for studies of satellite ice deformation and atmospheric pressure patterns to find events that could have resulted in the formation of these prominent thin FYI patches and refrozen cracks during the preceding winter. t is the drill-hole measured ice thickness. t DC and I m are the ice thickness and ice conductivity derived from DC measurements ( Table 2) . I v and I h are the vertical and horizontal ice conductivity, and f is the anisotropy factor.
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This study demonstrated the power of ice thickness measurements for addressing different ice types, and the potential of EM sounding for obtaining representative ice thickness distributions. Although Lange and Eicken (1991) have shown the general coexistence of SYI and FYI in the northwestern Weddell Sea by means of ice thickness drilling, their results only show the general characteristics of a large region. It would have been hard to obtain the same amount of thickness data of the ISPOL floe by drilling. However, the inability of EM measurements to distinguish between ice and snow thickness is a big problem, and thus we rely on spot measurements and the one long snow-thickness profile for a general overview of the snow thickness distribution on the ISPOL floe.
EM measurements of seasonal ice thickness change also are hampered by coincident changes of ice conductivity. Although our DC geoelectric and EM sounding measurements showed that these effects are not very large, they might still prevent observations of very small thickness changes, as was the case in the present study. More seriously, EM thickness measurements are also affected by flooding, as the presence of a seawater-saturated snow layer results in an increased subsurface conductivity and therefore thickness underestimate. It is very likely that the apparent decrease of the thickness of thick ice (Fig. 7) is actually more a result of increased flooding than of ice bottom melt, because the thick ice is likely to flood during the progression of summer for two reasons. First, as observed at sites 5 and 8, the thick SYI had mostly a negative freeboard. Second, the progression of warming increased the likelihood for flooding taking place either by upward brine motion or by lateral inflow of water along the snow/ice interface through a warming snow layer. The more than week-long continued flooding induced by drilling at site 8 provides an impressive example for the potential flooding that can occur during summer (see above). Unfortunately, we lack specific data on the occurrence of flooding throughout the study period. In contrast, the absence of flooding on SYI in late November and early December despite the widespread occurrence of negative freeboard indicates that SYI ice is largely impermeable during winter, due to cold surface temperatures and the desalination during the preceding summer (Eicken 1998; Haas et al., 2001) .
For future EM sea ice measurements, it would be highly desirable to use multi-frequency EM instruments, which might be able to resolve the presence of flooding or gap layers, or even their thickness.
An important result of most ISPOL measurements is the small amount of ice and snow thinning occurring in the western Weddell Sea during December ( Figs. 7 and 8 ; Nicolaus et al., 2006) . According to our measurements over the five-week observation period, thinning amounted only to between 0 and 0.4 m, including up to 0.2 m snow thickness decrease. The snow thinning was largely due to settling and evaporation, with little superimposed ice formation McPhee (2008) . Note that this value is smaller than other estimates of ocean heat flux in the Weddell Sea (e.g., Martinson and Iannuzzi, 1998) . Small thinning rates are also consistent with a slight decrease of surface-water salinity measured by standard CTD casts from board R.V. Polarstern (Absy et al., 2008) . With the little observed ice and snow thinning and small freshening of the ocean surface layer, and in the absence of information about lateral melt, it is very hard to compute a closed salt balance.
During ISPOL we have encountered many problems due to insufficient instrumentation and the special circumstances of measurements under summer conditions. Instrumentation issues include the usage of ice coring for example. As ice coring is a destructive method, repeat measurements have to involve coring at different locations. Even within small distances, the lateral variability can be quite high , and can be even larger than temporal changes. Therefore, the results shown in Figs. 6 and 9 have to be taken with care. Also, more sensitive thickness measurements would be required to detect very small thickness changes. However, even thickness drilling is prone to problems with lateral variability, as shown with the two ice cores at site 8 (Fig. 6 ) and ice-core profiles presented by Hellmer et al. (2006) and Tison et al. (2008) . As an alternative, we also have tried to use thickness gauges based on the use of heated wires (Perovich et al., 2003) . However, as the holes for the heated wires had been drilled in late November and early December, they never froze solid again, and many of the wires could be pulled up without any significant resistance from the ice underside, making detection of the ice/water interface impossible.
Finally, the results of coring of warm ice have to be taken with care. As porosity and permeability increase with warming, considerable amounts of brine can be lost during coring. Therefore, results of salinity and brine volume change presented in Figs. 6 and 9 can actually strongly underestimate the true changes. However, here the results of the non-destructive DC geoelectric and EM sounding measurements can be of particular value if more experience is gained. While the DC measurements are also subjected to variable coupling conditions between electrodes and ice, EM depth sounding provides a contact-less, non-destructive measurement of ice properties. However, as visible from Fig. 11 , the sensitivity and calibration stability of currently available instruments is not satisfying either.
Conclusions
Ice and snow thickness measurements, ice-core analyses, and the interpretation of satellite imagery have revealed that the ISPOL floe was composed of a mixture of fragments of different ice types, and that thin and thick FYI and thick SYI were the main ice types. Therefore, the composition of the ISPOL floe reflected nicely its location on the boundary between two distinct bands of FYI and SYI of different origin. Most ice, however, was thick SYI with a thick snow cover.
Although the 5-week long observation period extended over summer solstice and received therefore the maximum possible solar shortwave radiation, only small amounts of thinning were observed. These were largely due to snow thinning by settling and evaporation, with little superimposed ice formation . The small thinning demonstrates the stability of the perennial sea ice in the western Weddell Sea. With generally high ice concentrations X90% during the study period (Steer et al., 2008) , with the thick snow cover, and with low ocean heat flux (McPhee, 2008) , summer melt is minute. This points to the importance of floe break up, reductions in ice concentration, and the resulting absorption of solar radiation in leads for increases in ocean heat flux and subsequent lateral and bottom melt (McPhee, 2008; Steer et al., 2008) . Lateral melt unfortunately was not measured during ISPOL at all.
The small amount of ice and snow thinning is also in stark contrast to similar observations in the Arctic, where rapid thinning and extensive melt pond formation are observed even before summer solstice (Eicken et al., 2001 (Eicken et al., , 2004 ). These differences confirm earlier studies of the general differences between the importance of different components of the surface energy balance in the sea ice zones of the Arctic and Southern Oceans (Andreas and Ackley, 1982; Nicolaus et al., 2006) .
A future drift station in the Weddell Sea should therefore begin at the same time as ISPOL, where winter conditions with cold ice and snow were still prevailing in the beginning. However, it should extend for a much longer time until the end of summer in February or March to be able to monitor changes in the regional radiation and energy balance and the likely subsequent accelerated changes of snow and ice thickness. This will reveal new insights into the processes involved in the feedbacks between ice thinning and albedo.
Measurements during ISPOL have also shown the difficulty of observing small changes during summer, which were smaller than the sensitivity and resolution of most methods. Measurements were also hampered by the simultaneous change of several ice properties like thickness and conductivity. Future observations should also be based more on the use of automatic continuous measurements. However, special precautions have to be taken to prevent problems related to strong radiation heating and destructions by the installation of sensors. After these technological challenges have been solved, a repetition and extension of ISPOL will be most desirable to gather observations of melt processes during the complete ablation season.
